Severely drawn low-carbon ferritic steel wire was investigated to make clear the reason of its high tensile strength which is higher than that predicted from the hardness. The microstructure of a specimen subjected to a true strain of 6.6 consists of fine elongated grains and subgrains with high dislocation density. Neutron diffraction showed the existence of (hkl) intergranular residual stress, suggesting a composite strengthening mechanism. The reasons of higher tensile strength achieved by drawing in comparison with other severe deformation processes, like ECAP, ARB and HPT, are estimated to be texture, residual intergranular stress and high dislocation density.
Introduction
Severe Plastic Deformation (SPD) processes to produce ultrafine-grained materials have intensively been studied. The mechanisms of microstructural evolution and mechanical behavior have also been studied by many researchers. The highest tensile strength of commercially available materials has been recorded by drawn pearlite wire, 1) often called piano wire, which can have a tensile strength higher than 5 GPa. Even in the case of low-carbon ferritic steel, Tashiro has reported 3 GPa for a drawing strain (hereafter, ''drawing strain'' means true strain given by the drawing) of 11.5.
2) Since the mechanisms of high tensile strength in drawn pearlite wire are still unclear, the characteristics of drawn low-carbon ferritic steel need to be clarified in order to avoid the influence of cementite.
In order to evaluate the drawing process, the tensile strengths of low-carbon ferritic steel after newly developed SPD processes such as equal-channel angular pressing (ECAP), accumulative roll bonding (ARB) and high-pressure torsion (HPT) are collected from existing references [3] [4] [5] [6] [7] [8] [9] and summarized in Fig. 1 . The tensile strength of drawing increases linearly with the drawing strain, however, that of ARB and ECAP becomes nearly constant at approximately 0.8 GPa from the equivalent strain of 2 (in case of drawing, the drawing strain is equal to the equivalent strain). The tensile strength of a HPT specimen is 1.8 GPa at the equivalent strain of 91. It is lower than that of the drawn wire which has tensile strength of 3 GPa at the drawing strain of 11.5.
The reason why such a high tensile strength is achieved by drawing in comparison with the other severe deformation processes is discussed in this paper.
Experimental Procedures

Specimens
The chemical composition of a low-carbon ferritic steel used in this study is shown in Table 1 . A hot-rolled bar 5.4 mm in diameter was drawn to 1.9, 0.74, 0.38 and 0.2 mm for the drawing strains of 2.0, 4.0, 5.3 and 6.6, respectively. Hereafter, these specimens are called "2.0, "4.0, "5.3 and "6.6, respectively. Additionally, "0 was used as a reference specimen.
Microstructural observations
The microstructures on the cross section of the wires were observed by scanning electron microscopy (SEM), and the crystal orientation distributions were investigated with Electron Back-Scatter Patterns (EBSP). The specimens were prepared by mechanical polishing followed by chemical polishing using colloidal silica.
Mechanical tests
A tensile test was performed using a gear-driven tester with air chucking at room temperature (RT). A Vickers hardness test was also conducted on the cross section of the wires with an applied load of 200 g. Hardness was measured on the transverse section plane across the drawing direction and the longitudinal cross-section plane along the drawing direction. Since there exists a hardness distribution from the surface to the center in a drawn wire, the average value was used for comparisons with the tensile strength. The hardness at the center was approximately HV 0.4 GPa higher than that near the surface.
2.4
Texture and lattice strain measurement by neutron diffraction Neutron diffraction measurements were conducted using the neutron diffractometer for residual stress analysis (RESA) at the Japan Atomic Energy Agency (JAEA). The drawn wires were bundled to approximately 5 mm in diameter and 5 mm in length. This bundle of wires was totally irradiated by the neutron incident beam, as illustrated in Fig. 2 . Diffraction profiles were obtained for (110), (200) and (211) with rotation of the bundled sample in 5-degree steps from 0 to 90 in texture measurements and 0, 22.5, 45, 67.5 and 90 degrees in lattice strain measurements with respect to the drawing direction. The diffraction profile obtained was fitted by the Gaussian function to determine the peak position (i.e., lattice spacing). The ''lattice strain'' was then calculated by employing the spacing for specimen "0 as the reference. That is, "ðhklÞ ¼ fdðhklÞ À dðhlkÞ 0 g=dðhklÞ 0 ð1Þ
Here, dðhklÞ refers to the (hkl) lattice spacing, and subscript zero indicates the reference spacing. Figure 3 shows cross-sectional SEM images of the drawn wires. The mean grain size of specimen "0 with equiaxial grains in (a) is 17.7 mm. As the drawing strain is increased, the grains are elongated in proportion, as observed for "2.0 (b) and "6.6 (c). The "6.6 was studied with transmission electron microscopy (TEM) by Ohsaki and Hono 10) and bright (a) and dark (b) field TEM images are presented in Fig. 4 . Here, many dislocations exist inside a grain, and the grain width is approximately 64 nm after drawing. As may be speculated from the diffraction pattern and dark field image, some of the grain boundaries are low angle; such boundaries must develop from dislocation cell boundaries.
Results and Discussions
Microstructural change by drawing
The result of the EBSP analysis for "6.6 is shown in Fig. 5 . Because of the high density of dislocations and internal stresses, the image quality is poor. Low angle boundaries observed by TEM can not be identified clearly in Fig. 5 . From the orientation map, the formation of the h110i fiber texture is found. The grain shape is very elongated along the drawing direction, and the width across the drawing direction . By using a simple geometrical calculation with the assumption of constant volume, a spherical grain with a 17.7 mm width becomes an ellipsoid with the short axis of 0.66 mm, which is comparable to the observation in Fig. 5 . Consequently, the microstructure of the drawn low-carbon ferritic steel consists of elongated high angle grains with width of 0.48 mm, in which the elongated subgrains with width of 64 nm. Figure 6 shows the 110 orientation distributions of "6.6 and "4.0 measured by neutron diffraction. Both "6.6 and "4.0 show strong h110i texture along the drawing direction and this is consistent with the EBSP results.
Stress-strain curves and hardness
The stress-strain curves obtained for the drawn wires are shown in Fig. 7 . The tensile strength increases with the drawing strain, whereas the elongation decreases. In particular, uniform elongation disappears by drawing but large local elongation remains, resulting in a dimple fracture. This is a common feature of metals and alloys subjected to severe deformation. Even in the tensile test performed for the "6.6 wire at 77 K in liquid nitrogen, a cup and cone with a dimple fracture were observed.
11) Figure 8 shows the results of the Vickers hardness test. Hardness measured on the transverse and longitudinal cross sections increases with the drawing strain; this result is similar to that of the tensile strength. The hardness measured on the transverse section plane is approximately 0.2 GPa higher than that on the longitudinal cross-section plane.
In most cases, it is known that Vickers hardness is three times that of the 8% flow stress, at which point the yield strength is often employed. In the present case, work hardening is lost in the drawn specimens, so the tensile strength is expected to be related to the hardness by a factor of 3. However, the tensile strength estimated from the hardness becomes lower with the increase of the drawing strain. Such a discrepancy has also been found in drawn pearlite steels.
12) The drawing (i.e., one-directional plastic deformation) is assumed to yield the anisotropic strength of a material. Todaka et al. reported a similar discrepancy in lowcarbon ferritic steel after HPT.
3) Heavily deformed lowcarbon ferritic steel with the equivalent strains of 45 and 91 shows higher tensile strength than the strength estimated from the hardness. They suggested that this result is due to both the single-directional deformation and the segregation of impurity elements during HPT straining.
Here, two possible reasons for the high tensile strength found in Fig. 8 are discussed: texture effect and intergranular stress (Section 3.3) . First, the strong h110i fiber texture should be noted. The Schmidt factor of h110i oriented grains for the {110} h111i slip system is 0.408. A few grains with a Schmidt factor larger than 0.41 may lead to higher tensile yield strength of a polycrystalline material. In the case of the hardness test, the stress distribution around the indenter is complex and hence such texture hardening does not appear apparently.
3.3 Intergranular residual stress estimated from neutron diffraction It should be noted that ''residual lattice strain'' is defined as the lattice strain measured after deformation in the unloaded situation. Figure 9 shows the result of the residual lattice strains of (110) and (200). A bundle of wire specimens was rotated in steps of 22.5 degrees with respect to the drawing direction (see Fig. 2 ). In the case of "0 ( Fig. 9(a) ), the residual lattice strain is nearly zero and hardly changes with the rotating angle. In contrast, specimen "6.6 shows strong anisotropic behavior with respect to the rotating angle and (hkl) plane measured. As can be seen, the residual lattice strain from (110) shows a convex shape whereas (200) shows a concave shape. Suzuki et al. reported on the residual lattice strain of the ferrite phase in a drawn pearlite steel with a drawing strain of 1.4.
12) The features found for the convex shape of (110) and the concave shape of (200) are consistent with the ferrite phase of pearlite steel. Then it is estimated the h110i oriented family grains with respect to the drawing direction play softer grains and h200i harder ones. Hence, the plastic misfit strains produce internal stresses that remain as intergranular residual stresses. Softer grains must show compressive residual stresses and harder ones tensile along the drawing direction. This is similar to the ''composite strengthening'' like pre-stressed concrete which shows anisotropic strength. In the present case, a few harder (hkl) grains are speculated to play a role of fiber in a composite. Figure 10 shows the comparison of Vickers hardness in low-carbon ferritic steel after drawing and after ARB, ECAP and HPT. The hardness of low-carbon ferritic steels after drawing increases with the increase of the drawing strain, however, the hardness after ECAP and HPT becomes nearly constant at 2 GPa for ECAP and 4 GPa for HPT, whereas the hardness after ARB is 2.5 GPa at the equivalent strain of 4.0. It was found that the drawing of low-carbon ferritic steel 
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T. Suzuki, Y. Tomota, A. Moriai and H. Tashiro produces higher hardness compared with that of ECAP and ARB processes. The grain size (width) of low-carbon ferritic steel after ARB at the equivalent strain of 4.0 is 220 nm. 6) Considering that the grain size is not so different from the case of drawing, the extremely high hardness and tensile strength of the present wire should be noted.
One reason for the above result may be high dislocation density as observed in Fig. 4 . Because the drawing was performed in water in order to avoid heating, it can be speculated that the temperature during deformation causes the difference between the drawing and other processes. For example, the process of ARB is performed by the repetition of rolling and heating at 773 K. Restoration during heating or deformation heating must decrease hardness and tensile strength in the other SPD processes.
Consequently, in comparison with the other SPD processes, it can be confirmed that drawing is an effective process to obtain high hardness and high strength. Neutron diffraction has revealed the existence of residual intergranular stress and strong h110i texture. The hardness test seems to show the existence another factor for the high tensile strength of the present drawn wire.
Conclusions
The following conclusions are obtained.
(1) The microstructure of low-carbon ferritic steel wire drawn to a true strain of 6.6 shows elongated grains, including elongated subgrains. The width of the subgrains is approximately 64 nm and many dislocations are observed. (2) The tensile strength and hardness of the drawn ferrite steel wire is higher than those observed for specimens subjected to the same equivalent strain by other severe deformation processes. (3) The observed tensile strength is higher than that estimated from the hardness. The higher tensile strength must be due to the strong h110i fiber texture, intergranular residual stress and high dislocation density. 
